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Description 



[0001] This invention relates to sensor devices, and 
more particularly to improved sensor devices usef ul for 
analytical methods in enzyme-based electrode sys- s 
terns, and especially for use in biological systems. 
[0002] It is known to make and use a variety of sensor 
devices which are based on a form of electrode in which 
the metal electrode is surrounded by membranes which 
can exclude interfering materials from the electrode sur- w 
face while allowing substances to be determined by the 
analytical procedure to reach the electrode. 
[0003] A common form is that in which the electrode 
assembly incorporates an enzyme, which acts on the 
substrate chemical being evaluated and generates a dif- is 
ferent chemical which can be determined, thus provid- 
ing means for determining the substrate chemical indi- 
rectly. An especially useful form of this procedure uses 
glucose as the substrate and a glucose oxidase en- 
zyme, so that these interact and - by catalysed oxida- 20 
tion of the glucose to gluconic acid - produce hydrogen 
peroxide and oxygen as products. The hydrogen perox- 
ide is very readily and conveniently determined electro- 
lytically. 

[0004] A problem encountered with such procedures 2s 
is that the presence of other materials in the medium 
being analysed can interfere with the operation of the 
sensor device (electrode). This can occur most marked- 
ly with high molecular weight materials, as in body fluids 
(e.g. by proteins and the like), but also can occur when 30 
one or more of the components of the electrolyte system 
is limited, in concentration or mobility, so that the signal 
output of the sensor (electrode) is in turn limited also. 
This effect has the most evident effect when it makes 
the output signal from the sensor (electrode) non-linear 3$ 
or reach a limiting value - as this restricts the range over 
which the sensor can be used effectively. 
[0005] It has been proposed to use various materials 
as membranes, interposed between the electrode's ac- 
tive working surface and the medium under analysis, to 40 
prevent interfering materials reaching the electrode sur- 
face and fouling it, while still allowing the desired moie- 
ties to remain mobile and approach the electrode sur- 
face. Although this does produce useful results (control- 
led permeability and bio-compatibility), the presence of 45 
any barrier tends to impose some limitations on mobility 
of the moieties present, and those barriers hitherto pro- 
posed have not yet proved to be entirely satisfactory. 
[0006] We have now found that the properties of such 
barriers around the working surfaces of electrodes in so 
sensor devices, usually termed "membranes,' can be 
improved by application of a coating of a carbonaceous 
material to the material of the membrane. A carbona- 
ceous material which we have found to be very effective 
is already well-known in itself and described in the art ss 
as •diamond-like carbon. - It is conveniently referred to 
in the art by the abbreviation "DLC," and so is referred 
to in this manner through this specification. 



[0007] DLC is a form of amorphous carbon or a hy- 
drocarbon polymer with properties approaching those 
of diamond rather than those of other hydrocarbon pol- 
ymers, various names have been used for it, for exam- 
ple "diamond-like hydrocarbon' (DLHC) and "diamond- 
like carbon" (DLC), but the term 'DLC" appears to be 
the most common. It possesses properties attnbutable 
to a tetrahedral molecular structure of the carbon atoms 
in it, similar to that of diamond but with some hydrogen 
atoms attached. It has been described in the art as being 
a designation for 'dense amorphous hydrocarbon poly- 
mers with properties that differ markedly from those of 
other hydrocarbon polymers, but which in many re- 
spects resemble diamond" [J.C. Angus, EMRS Sympo- 
sia ProcJi 179 (1987)]. 

[0008] Surprisingly, this 'diamond-like carbon' coat- 
ing, applied to a membrane, has an unexpectedly ben- 
eficial effect on the range over which the sensor can be 
used. 

[0009] Thus according to our invention we provide a 
sensor device, useful in electrolytic analysis proce- 
dures, in which a working electrode is surrounded by at 
least one diffusion-limiting membrane, characterised in 
that the said membrane has a coating comprising a car- 
bonaceous material having characteristics comparable 
with that of diamond, commonly known as diamond-like 
carbon. 

[0010] This has the advantage of allowing the electro- 
lytic system to respond to the analyte being determined 
while extending the linear range over which the output 
signal of the sensor (i.e. from the working electrode) can 
be used. 

[0011] The electrode itself may be any electrode hav- 
ing the properties of a working electrode, especially a 
metal electrode, and many are known in the art. It is pref- 
erably platinum metal, conveniently in any of the con- 
ventional forms for example as a 2 mm diameter plati- 
num disc mounted in 'Perspex' (poly-methyl methacr- 
ylate) surrounded by a silver ring of 2 cm diameter as a 
reference electrode. This is commonly referred to as the 
"Clark electrode assembly.' 

[0012] The membrane material may be any which is 
known in the art for the purpose of limiting access of 
undesired components, i.e. a permselective membrane 
material, but should be one which is of a nature which 
is compatible with the coating process (i.e. is durable 
enough to survive the coating treatment without itself 
being degraded or damaged appreciably) and which 
can retain the desired coating upon its surface. It is pref- 
erably a form of microporous membrane with low per- 
meability, though other permselective materials may be 
used if desired, operative by their physical and/or chem- 
ical properties to give the desired porosity or permeabil- 
ity characteristics, in chemical terms, it is preferably a 
polycarbonate, as this is a very durable material which 
accepts the coating well, but materials of other chemical 
constitution may be used if desired. 
[0013] The membrane is preferably made of a thick- 
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ness less than 10 microns. Such membranes are typi- 
cally made by conventional methods, for example by 
rolling, cutting from a mass, casting from solution, or 
combinations of such techniques. The desired micropo- 
rosity should be such as to provide pores in the mem- s 
brane which are of the order of 0.05 to 0.01 microns in 
size. Such porosity may be achieved by known meth- 
ods, for example by etching techniques - especially the 
technique known as track etching' using a neutron 
beam. Such products are obtainable commercially un- 
der the name 'Nuclepore' from Nuclepore, Pleasanton, 
California, or the Poretics Corporation (Livermore, U.S. 
A.). The polymer itself is impermeable to many higher 
molecular weight species while remaining permeable to 
low-molecular weight species such as hydrogen perox- 
ide. 

[001 4] The formation and application of the diamond- 
like carbon (DLC) to the membrane material as coatings 
or films for the purposes of the present invention may 
be carried out by methods known in the art. It is usually 
formed by decomposition of carbon-containing com- 
pounds in gaseous or vaporised form (particularly hy- 
drocarbon gases) induced by radiation or electrical 
fields. 

[0015] Thus, It may be prepared from hydrocarbon 
precursor gases (e.g. propane, butane or acetylene) by 
glow-discharge deposition, by laser-induced chemical 
vapour decomposition, by a dual-ion beam technique, 
or by introduction of the hydrocarbon gases directly into 
a saddle-field source. A saddle-field source is a source 
of ions produced by a collision between gas atoms ex- 
cited by thermionic emission, and this method is pre- 
ferred because it allows heat-sensitive materials to be 
coated by a beam that is uncharged - so facilitating the 
coating of insulating or nonconductive materials. 
[0016] Its properties can vary according to the partic- 
ular raw materials used and its mode of formation. It can 
also be made in other ways, for example by sputtering 
solid carbon, as an alternative to dissociating hydrocar- 
bon gases. 

[0017] Further description of DLC - including its con- 
stitution, nature and properties, and the variations in its 
form which can be made - and modes for its prepara- 
tion, are to be found for example in the following pub- 
lished references (among others): - 

(a) "Diamond-Like Carbon Applied to Bio-Engineer- 
ing Materials;' A.C. Evans, J. Franks and P.J. Rev- 
ell, of Ion Tech Ltd., 2 Park Street, Teddington, 
TW11 OLT, United Kingdom; Medical Device Tech- 
nology, May 1991 , pages 26 to 29. 

(b) 'Preparation and Properties of Diamondlike Car- 
bon Films;' J. Franks; J. Vac.Sci.Technol. Vol.A, No. 
3, May/June 1989, pages 2307-2310; 

(c) "Biocompatibility of Diamond-like Carbon Coat- 
ing;' L.A. Thomson, F.C. Law, J. Franks and N. 
Rushton; Biomaterials, vbl.12, January 1991 (pag- 
es 37-40); 
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(d) 'Categorization ol Dense Hydrocarbon Films;' 
J.C. Angus; E.M.R.S. Symposium Proc., 1987, Vol. 
17, page 179; Amorphous Hydrogenated Carbon 
Films, XVI], June 2-5 1987, Edited by P.Koide & P. 
Oelhafen. 

(e) 'Properties of Ion Beam Produced Diamondlike 
Carbon Films;' M.J. Mirtech; E.M.R.S. Symposium 
Proc., 1987, Vol. 17, page 377; 

(f) 'Diamond-like Carbon - Properties and Applica- 
tions;' J. Franks, K. Enke and A. Richardt; Metals 
& Materials (the Journal of the Institute of Metals); 
and 

(g) U.S. Patent No. 4490229; M.J.Mirtich. J.S.Sorey 
& B.A.Banks. 

[0018] Thus, in brief, our invention can be used as a 
method for providing a shield, useful for excluding inter- 
ferents from an enzyme laminate/electrode assembly, 
comprising a coating of a carbonaceous material with 
properties approaching those of diamond as a covering 
material. The preferred carbonaceous material is that 
form of amorphous carbon or a hydrocarbon polymer 
known as 'diamond-like carbon.' Especially it is used 
as an outer covering material, tt can also act as a bio- 
compatible shield. The DLC may also be used to coat 
other parts of the electrode or sensor assembly if de- 
sired. 

[0019] Alternatively stated, our invention provides im- 
proved sensor devices incorporating a coating of a car- 
bonaceous material known as "diamond-like carbon' 
(DLC) as an outer shield, especially when bio-compati- . 
bility is desired. This coating allows the production of a . 
shield with tailor-designed desirable diffusion character- 
istics. 

[0020] The convenient source of the carbon is a hy- 
drocarbon gas or vapour, especially one which is readily 
decomposed by an electric field or discharge. A very 
convenient source gas is acetylene, though others may 
be used if desired. Individual hydrocarbons or mixtures 
thereof may be used, and diluent gases may be added 
if desired and the decomposition/deposition procedure 
may be carried out at pressures at atmospheric or above 
or below atmospheric, as found most suitable for partic- 
ular instances. 

[0021] The coating may be made of a thickness which 
may be varied according to the particular requirements 
desired for the performance of the sensor and the sys- 
tem to be analysed. Thus, the thickness of the coating 
or deposit may be in the range 0.01 to 5 u.m, but thicker 
or thinner coatings may be used if desired. A typical and 
convenient coating deposit is one approximately 0. 1 pm 
thick, but this is not necessarily the optimum for all pur- 
poses. The thickness in nay particular case will depend 
upon such factors as the nature (physical and chemical) 
of the material upon which the DLC is deposited, and its 
porosity or permeability, and the particular characteris- 
tics appropriate to the intended use of the sensor. 
[0022] The coating is conveniently carried out at a rate 
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which allows the deposit to adhere to the membrane ma- 
terial and form a coating of the desired thickness - pref- 
erably also evenly coated so as to cover substantially 
all the surface without leaving any areas too thinly cov- 
ered or even un-covered. 

[0023] When using acetylene as a source, for exam- 
ple, the deposition may be carried out at a rate of up to 
0.5 uin per hour, though higher or lower rates may be 
used if desired. 

[0024] In carrying out the coating procedure, it is pre- 
ferred that the membrane surface should be as clean as 
practicable, to ensure that the deposit has optimum abil- 
ity to adhere properly. A variety of cleaning methods 
may be used. One which is very suitable is Fast Atom 
Bombardment (sometimes referred as "FAB" for brevi- 
ty); this comprises subjecting the target material to a 
neutral atom beam source, and a typical cleaning time 
is an exposure to such treatment for about 5 minutes - 
though longer or shorter time may be used if desired. 
[0025] If desired, more than one membrane may be 
used, and the coating may be applied to one or both 
surfaces of a membrane or to one or more surfaces of 
more than one membrane in the electrode assembly 
which makes up the sensor device. 
[0026] Preferably, the coating is applied to the outer 
surface of the membrane (i.e. that surface remote from 
the active electrode and nearer to the surrounding me- 
dia. If more than one membrane is used, the most ad- 
vantageous position for the coating of DLC is on that 
membrane or membrane surface which is nearest to the 
medium being studied or analysed. 
[0027] Thus, for example, the sensor device may 
comprise an inner and an outer membrane, in which 
case one may be coated as defined above and the other 
may be either un-coated or may be of another material, 
coated or un-coated. 

[0028] For example, the outer membrane may be as 
defined above and the inner may be for example made 
of a cellulose ester, and especially any form of cellulose 
acetate. Such a membrane is preferably made of a thick- 
ness in the range 0.1 to 1 .0 u/n, and may be made by 
conventional methods, for example by casting from so- 
lution, optionally with inclusion of additives (for example 
by inclusion in the casting solution) to modify the prop- 
erties of the resulting cast film or to facilitate the casting 
process. 

[0029] The invention is applicable to a variety of en- 
zyme systems but is principally applicable to systems in 
which the enzyme is an oxidase and the hydrogen per- 
oxide formed as a result of its action is measured elec- 
trolytically. Especially, it is useful for systems, sensors 
and electrodes incorporating a glucose oxidase en- 
zyme, as the substrate glucose is a common component 
which requires to be measured or biochemical and clin- 
ical purposes. The use of the coated membranes in sen- 
sors according to the present invention enables the 
measurement or detection ranges for glucose to be ex- 
tended considerably beyond those which are easily 



measurable by the sensors known hitherto, and also for 
the degree of linearity of response (i.e. the relat ionship 
between the sensor output signal and the amount of the 
substrate glucose) to be extended, which makes the 

5 sensors much more useful in practical clinical or labo- 
ratory conditions. Thus, as an illustration, ranges of glu- 
cose detection up to 25-30 mM of glucose are advanta- 
geous in practice and the present invention allows the 
range of detection to be extended even beyond this, for 

'0 example to 100 mM or even more. Such high concen- 
trations can be of value for measuring glucose concen- 
tration in media associated with products in the food and 
fermentation industries. 

[0030] The enzyme may be incorporated in the sensor 
is by conventional means, for example by being immobi- 
lised on the membrane by a fixing agent which does not 
impair its enzymic activity (for example glutaraldehyde 
and albumin), and a very convenient form of construc- 
tion of the sensor is that in which the enzyme is held in 
20 place between two membranes - sometimes termed a 
"laminated" form of membrane. In such •laminates' one 
membrane layer (termed the outer layer) is the one ex- 
posed to the medium under study or analysis, and this 
is the one on which the diamond-like coating is of most 
2S value, though the coating can be on any or all membrane 
surfaces as desired. 

[0031] The mode of electrolytic analysis to be used is 
especially amperometric analysis, which is well known 
and used in the art. 

30 [0032] The principal advantage of our sensors is that 
they can be used in the reagent-less analysis of a wide 
variety of body fluids (e.g. blood or serum) and other 
biological media without dilution and without significant 
interference from endogenous or exogenous agents 

35 which may be present in a patient's blood. It enhances 
any membrane-based sensor system, whether enzyme- 
based or not. 

[0033] Diamond-like carbon coatings have the advan- 
tages of a high degree of inertness and also a high de- 
40 gree of haemo-compatibility (compatibility with blood). 
[0034] Further advantages of the present invention in- 
clude: - 
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(1 ) providing of a strong, flexible coating on the sen- 
sor; 

(2) allowing the precise fine-tuning of the porosity 
to the outer membrane of a sensor, thus extending 
the linearity range; 

(3) exclusion, by the coating, of large macromolecu- 
lar and some smaller electrochemically active inter- 
ferents, so preventing bio-fouling of the enzyme 
electrode assembly and enhancing the selectivity 
of the electrode, even to the extent that an outer 
membrane can provide the properties otherwise re- 
quiring the use of another, lower, underlying 
permselective membrane. 

[0035] An especial advantage of the sensor of the 
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present invention is that it will permit the reliable analy- 
sis of glucose concentrations in whole undiluted blood. 
This is usually not possible with the known forms of sen- 
sor. Of course, the value of the invention is not restricted 
to being solely applicable to the analysis of blood, and 
it may be applied to analysis of other media containing 
quite high concentrations of glucose or other electro- 
chemically active species at levels which commonly 
present considerable problems for analysts. Such other 
media include a variety of a media of organic or non- 
organic origin, for example plant and fruit juices, chem- 
ical process liquids, and the like. 
[0036] According to our invention we also provide a 
method for electrolytic analysis, characterised in that it 
comprises using a sensor device as defined above and 
claimed herein. 

[0037] Usually, the electrode of the sensor device of 
our invention will be used as the anode. Preferably, the 
electrolytic analysis uses amperometric detection. 
[0038] In use, the electrode of our invention can be 
used to carry out the method of our invention by immer- 
sion (together with an associated cathode) in a prede- 
termined volume of a buffer solution to be analysed, and 
applying a polarising voltage so that the amperometric 
measurements can be made and compared before and 
after the addition of the blood or serum sample under 
test. The procedure may also be calibrated by use of 
solutions containing known amounts of the substances 
sought, and its accuracy this checked and confirmed. 
Likewise, the procedure may be carried out using known 
amounts of compounds which are considered to be po- 
tentially troublesome by their expected ability to inter- 
fere with the measurement of the paracetamol, so that 
the degree of interference (if any) can be established. 
Conventional apparatus may be used, for the cell, elec- 
trodes and the measurement and recording of the cur- 
rent-voltage relationships for the samples under test. 
Measurements may be made continuously or intermit- 
tently, as desired. In operating the procedure, it is con- 
venient to use a polarising voltage in the range +0.4 to 
+0.8 volts (preferably at approximately +0.65 volt) 
against a silver/silver chloride (Ag/AgCI) electrode. The 
liquid medium may be at a pH which can vary over a 
considerable range, but is especially in the pH range 6 
to B and preferably at approximately 7.4 (for physiolog- 
ical use). 

[0039] The sample under examination may be stirred 
or unstirred, as desired or convenient. 
[0040] The electrolytic procedure for use of the sen- 
sors of our invention may be carried out over a consid- 
erable range of temperatures, for example in the range 
20 to 40 degrees C. It is usually important that the tem- 
perature used for calibration is within approximately 4 
degrees C. of the assay temperature. 
[0041 ] For calibration, an isotonic or other other buffer 
may be used, but it is preferable to use one which has 
an ion ic strength similar to blood (i.e. approximately 0. 1 5 
M). 
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[0042] The medium is commonly aqueous, but need 
not necessarily be so, and an organic solvent may be 
used if desired (as such, or in admixture with each other 
and/or water) provided It is an electrolyte and dissolves 
£ any desired reagents, but is not medically relevant to 
the assay carried out. 

[0043] Typically, a procedure for calibration uses a 
treatment in isotonic phosphate buffer at pH 7.4. Follow- 
ing this, the buffer is removed, the serum or blood is add- 

10 ed, and the response is awaited; this illustrates how 
much the procedure can become a simplified analysis. 
[0044] For this purpose, the electrode may be im- 
mersed in a sample of the fluid (e.g. blood) and then 
linked with a suitable reference electrode (for example 

*5 a silver electrode or a calomel electrode) in conventional 
manner. Measurement of the voltage, current and the 
like may be taken and the measurements taken and re- 
corded as desired, intermittently or continuously. For 
this, conventional apparatus may be used. 

20 [0045] Samples of the media for examination (for ex- 
ample blood or serum) may be obtained by standard 
methods. The quantity of blood/serum should be suffi- 
cient to cover the electrode and the current measured 
at a fixed time or after a stable response has been 

2S achieved. Likewise, samples of other media may be ob- 
tained in any convenient manner and brought into con- 
tact with the sensor of the present invention for the pur- 
pose of component detection. 

[0046] The membrane and/or anode may be prepared 
30 for use in the analytical process of the invention by soak- 
ing it, when it is in place around the anode, in a solution 
corresponding to the electrolyte medium before the 
blood/serum sample is added. 
[0047] Similar procedures and conditions may be 
35 used for analysis of other media of a biological or bicn 
chemical nature, with modifications as will appear ap- 
propriate to an expert in the art having regard for the 
nature of the media, the components sought, and the 
conditions and requirements of the measurement. 
40 [0048] The invention is illustrated, but not limited, by 
the following Examples. 

EXAMPLES. 



[0049] Glucose oxidase from Aspergillus niger (75% 
protein, 150,000 units/g solid), and bovine serum albu- 
min (fraction V), were obtained from the Sigma Chemi- 
so cal Company Limited (Poole, Dorset), D-glucose, di-so- 
dium hydrogen phosphate, di-hydrogen sodium phos- 
phate, sodium benzoate and sodium chloride ("AnalaR' 
grade) were obtained from BDH (Poole, Dorset). All 
chemicals were used without further preparation. 

55 

Buffer 

[0050] A buffer (pH 7.4) of 5.28x1 0* 2 MNa 2 HPO 4 , 1.3 



45 Chemicals: 
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x 10*M NaH 2 P0 4 , 5.1 x 10*M sodium chloride, 6.24 x 
10* 3 M sodium benzoate was prepared in distilled water. 
This buffer was used for all enzyme preparations and 
diff usional studies. 

s 

PLC Coated Polycarbonate Membranes- 

[0051] Polycarbonate membranes for DLC coating 
were purchased from Poretics Corporation (Livermore, 
USA) and the DLC coating procedure performed by At- w 
om Tech Ltd. (Teddington, Middlesex, England « for- 
merly Ion Tech Limited) as has been described (J. 
Franks; J. Vac. Sci. A71 (1989), page 2307). Polycar- 
bonate membranes of pore radii 0.01, 0.05 and 0.1 um 
were prepared with deposition durations of DLC of 1 is 
minute, 3 minutes 30 seconds, and 7 minutes and com- 
pared with un-coated membranes. Membranes were 
cleaned by a 5 minute Fast Atom Bombardment (FAD) 
within an argon or other gaseous saddle field source. 
Control membranes were similarly treated. 20 
[0052] DLC coating times quoted define deposition 
times, so single-sided coated membranes had all of the 
deposition of DLC applied to one surface, while double- 
sided coated membranes had 50% applied to each sur- 
face. In this way it was intended that single and double 2S 
sided coated membranes could be directly compared 
with regard to coating durations. The deposition rate of 
DLC was 0.45 um per hour, so 1 minute, 3 minutes 30 
seconds, and 7 minutes coating correspond to 0.0075, 
0.0225 and 0.05 um thickness respectively. These 30 
membranes had a quoted thickness of 6 um, so the max- 
imum coating of DLC was less than 1 % of the membrane 
thickness to which it was applied. It was therefore as- 
sumed to have a negligible effect on the thickness of the 
membranes used in the calculation of the P values. 3S 

Apparatus: 

[0053] An oxygen electrode assembly (Rank Broth- 
ers, Bottisham, Cambridge, U.K.) as previously used 40 
(W.H.Mullen, S.J. Churchouse, RH.Keady and P.M. 
Vadgama; Anal. Chim. Acta. tB3 (1986), page 59) was 
utilised for glucose oxidase enzyme electrodes. The 
working electrode (anode) was polarised at +650 mv (vs 
Ag/AgCI) for the oxidation of hydrogen peroxide. The 45 
cell was comprised of a central 2 mm diameter platinum 
disc with an outer pre-anodised 12 mm diameter 1 mm 
silver ring (Ag/AgCI) as a combined reference and coun- 
ter electrode. The purpose-built voltage polarisation 
source and potentiostat were constructed by the Chem- so 
istry workshops (University of Newcastle, U.K.), and a 
x-t chart recorder (Lloyd Instruments pic, Fareham, 
Hants., U.K.) was used to record amperometric re- 
sponses of the electrode assembly from the potentiostat 
current follower. A blood gas analyser (Instrumentation ss 
Lab Model IL 1802 - Hope Hospital, Clinical Biochemis- 
try Laboratory) was used for the analysis of pOg within 
buffer aliquots. 



Fabrication of Enzyme Electrodes- 

[0054] Glucose oxidase (GOD) (2560 units/ml) and 
bovine serum albumin (BSA) (0.1 g/ml) were dissolved 
in buffer solution. 6 uj of GOD/BSA solution and 3uJ of 
glutaraldehyde (5% wV) were mixed rapidly and placed 
on a 1 cm 2 portion of 0.05 um polycarbonate membrane. 
A 1 cm 2 portion of DLC-coated polycarbonate mem- 
brane was then placed on top and glass slides were 
used to compress the enzyme and membrane laminate 
under finger pressure for approximately 5 minutes. The 
resulting cross-linked enzyme laminate was placed over 
the working electrode, prior to final electrode assembly 
and fixation by an "O" ring. 



Methodology: Determination of Permeability 
Coefficients: 



[0055] Solute mass transfer measurements across 
DLC-coated polycarbonate membranes to assess their 
permeability were performed at 22 ± 1 degrees C. in a 
Classical diffusion chamber apparatus consisting of two 
chambers. Both chambers were of 170 ml volume and 
were separated by two stainless steel discs and two 
sealing rubber "O" rings clamped together to hold the 
membrane of interest with a cross-sectional area avail- 
able for mass transport of 7.07 cm 2 . The solute of inter- 
est was added to one chamber and mass transfer was 
then determined by measuring solute concentrations in 
both chambers at periodic intervals. For the determina- 
tion of p0 2 levels, aliquots were extracted by a syringe 
and sealed within small glass vessels to prevent mixing 
with the atmosphere, prior to p0 2 analysis. Oxygen with- 
in one chamber was consumed by placing cross-linked 
GOD/BSA films in excess, to create oxygen gradients 
across the membrane of interest. p0 2 levels were de- 
termined by the blood gas analyser. Permeability coef- 
ficients were calculated using the expression derived by 
Sun et al. (Biotech . Bioeng., 34, (1989), page 55). 

Analysis of Blood Glucose Concentrations- 

[0056] Blood samples previously tested for glucose 
concentrations (Hope Hospital Clinical Biochemistry 
laboratory) were used for the assessment of enzyme 
electrodes for whole blood analysis. Blood samples 
were used on the same day as the hospital analysis and 
stored under refrigeration in tubes containing fluoride 
oxalate prior to use to prevent the lowering of blood glu- 
cose levels with time due to cell metabolism. 

Results: 



[0057] Polycarbonate membranes (Poretics Corpora- 
tion) incorporate near cylindrical channels, formed by a 
well established neutron beam track-etched method. 
The relatively low thickness (approx. 11 um) of these 
membranes has enabled minimisation of diffusionaldis- 



6 



11 



EP 0 647 318 B1 



12 



tances, while facilitating a high degree of control over 
diffusional resistance. The glucose/0 2 permeability co- 
efficient, P, ratio is of critical significance if the mem- 
brane is to be used as a substrate diffusion limiting outer 
membrane over oxidase enzymes. By minimising the 
glucose/0 2 P ratio for membranes, enzyme electrodes 
were constructed that became diffusion controlled rath- 
er than reflecting intrinsic enzyme kinetics. 
[0058] DLC-coated polycarbonate membranes have 
now allowed further extension of linearity for glucose 
analysis within in vitro samples (>80 mM), and also en- 
abled minimisation of bio-fouling to the sensor. A series 
of experiments was performed to determine the P val- 
ues for 0 2 and glucose across a spectrum of DLC single 
and double sided coated membranes, using a diffusion 
chamber apparatus (A.C. Evans, J. Franks and P.J. 
Revell; Medical Device Techno!., 26 (1991) page 26). 
On each occasion three membranes of each type were 
independently tested within the diffusion chamber, and 
a mean value for each P value calculated. To aid clarity, 
only this value is used in describing permeability coeffi- 
cients trends. 

[0059] We studied how the P values for glucose and 
0 2 are related to polycarbonate membranes of 0.01, 
0.05 and 0.1 u^n pore radii, with different durations of 
single and double sided DLC coating. This demonstrat- 
ed that, typically, P values across three membranes pre- 
pared by the same procedure may be attained to within 
a margin of around 5%. The production of membranes, 
the coating procedure and methodology for the valua- 
tion of P values is therefore shown to be reproducible. 
[0060] We found that the P values for both glucose 
and 0 2 decrease with decreasing pore radius and with 
increasing DLC coating time, which is consistent with 
the finding that as the pore area is encroached the dif- 
fusional resistance to solute trans-membrane transport 
increases. In particular, we found that P values for glu- 
cose progressively diminish as the DLC coating thick- 
ness is increased, due to the pore area being progres- 
sively diminished. No previous technique used by us (e. 
g. organic solvent deposition) has allowed such "fine 
tuning" of membrane permeability at small pore radii. 
Our results indicated that, for a similar application of 
DLC, whether it is to a single surface or to both mem- 
brane surfaces has little influence on the diffusing spe- 
cies' behaviour across the membrane. 
[0061] 0.01 urn pore radii polycarbonate membranes 
were found to be blocked to glucose transport when 
greater than 1 minute duration coatings of DLC are ap- 
plied. However, single sided coated membranes be- 
come blocked at <1 minute DLC coating durations, 
wherein diffusion of glucose is permitted for double sid- 
ed coated membranes of 1 minute DLC coating dura- 
tion. This blocking difference is believed to be due to the 
build-up of DLC at very small pores in single sided coat- 
ings, whereas the pore aperture is spared if this is dis- 
tributed across two membrane surfaces. Of particular 
interest, however, is the finding that 0 2 transport is much 



less affected by DLC application, and that when glucose 
is fully obstructed 0 2 trans-membrane transport is still 
maintained. The P ratio values are very similar for single 
or double sided DLC-coated membranes. The first ap- 

s plication of DLC (1 minute) results in the greatest reduc- 
tion of the glucose/0 2 P ratios. Further coatings of DLC 
result in continued reduction in this ratio, although the 
effect is less prominent. The membranes showing the 
smallest glucose/0 2 P ratios are those for 0.05 um pore 

10 radii membranes with 7 minutes DLC coating, for both 
single and double sided coated membranes. 
[0062] We carried out the calibration of glucose oxi- 
dase enzyme electrodes with upper double sided 0.01 
\xm pore radii membranes and the corresponding con- 

15 trol. Linear ranges of analysis were found to be possible 
to in excess of 80 mM concentrations, which are vastly 
in excess of those that may be attained with un-coated 
membranes. 

[0063] Further work was carried out on calibration 
20 curves for enzyme electrodes employing upper 0.05 ujti 
pore radii membranes. The almost identical behaviour 
shown by enzyme electrodes utilising single and double 
sided DLC-coated membranes confirms that, for both of 
membrane, the same coating times impart almost iden- 
2S tical properties. In addition, as the DLC coating time is 
increased, the enzyme electrode linearity range is pro- 
gressively extended. 

[0064] SimilarfindingsareshownforO.1 umpore radii 
upper membrane enzyme electrodes and the calibration 
30 curves for sensors utilising 0. 1 ujn pore radii DLC-coat- 
ed upper polycarbonate membranes. Again, longer du- 
rations of DLC coating result in extended linearity rang- 
es. 

[0065] A major constraint to the commercialisation of 
35 previously known sensors for whole blood measure- 
ments has been the intractable problem of signal drift 
as a result of bio-fouling. 

[0066] A series of experiments was designed so that 
the enzyme electrodes, all with inner 0.05 urn pore radii 

40 un-coated polycarbonate membranes, and varying pore 
radii DLC-coated outer polycarbonate membranes (to- 
gether with controls) were exposed to heparinised 
whole blood and then rinsed with non-anticoagulated 
bufler solution. Responses to 5 mM glucose solutions, 

45 before and after blood exposure, were recorded and 
percentage losses of response were calculated. 
[0067] The percentage losses of signal following ex- 
posure to whole blood for 30 minutes was calculated. 
Results showed a typical loss of response to a standard 

so 5mM buffered glucose solution, following increasing 
time exposure to whole blood. Again, very few differenc- 
es were observed between single or double sided DLC- 
coated membranes. However, the resistance tobio-toul- 
ing appears to increase with greater deposition of DLC 

55 for all membranes. 

[0068] The greatest change is seen between un-coat- 
ed membranes and the first deposition of DLC (1 
minute). The polycarbonate membrane pore radius also 
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appears to be critical, as smaller pore radii membranes Conclusion s- 
always exhibit lower losses following blood exposure — — 
than enzyme electrodes with similar DLC-coated mem- 
braness of larger pore radii. It therefore appears that 
both smaller pore radii and longer durations of DLC 
coating contribute to increased functional bio-compati- 
bility. ^ 

[0069] As before, only double sided DLC-coated 
membranes of 0.01 urn pore radii could be tested for 
bio-fouling as single sided DLC-coated 0.01 urn pore ra- 
dii membranes were all blocked to glucose. However, 
0.01 u^n pore radii polycarbonate membranes with 1 
minute deposition DLC double-sided coatings as the up- 
per membrane of an enzyme laminate exhibited ex- 
treme resistance to bio-fouling, showing a loss of only 
6% signal following 30 minutes exposure to whole 
blood. This is considerably better than has been 
achieved to date with other membrane systems to our 
knowledge. 

[0070] An enzyme laminate with an upper nominal 
pore radius of 0.1 ujti and 7 minutes double-sided DLC 
coating was exposed to blood, washed with distilled wa- 
ter, and buffer placed in the cell for continued washing 
for one hour. The buffer was then replaced with a 5 mM 
glucose buffer and the response recorded. The final re- 
sponse was found to be 4% higher than previously not- 
ed, believed to be because some surface bio-fouling 
had been mechanically dislodged. 
[0071] As linearity ranges for glucose analysis over 
clinically useful ranges had been attained, and the ef- 
fects of bio-fouling assessed following whole blood ex- 
posure, two sensors for comparison were constructed 
both with lower 0.05 ^m pore radii polycarbonate 
membranes; outer membranes were of 0.01 and 0. 1 u/n 
pore radii double sided 1 minute duration DLC-coated 
membranes. These two enzyme electrodes were cali- 
brated following exposure to whole blood, and individual 
blood samples previously tested for glucose levels with- 
in a Clinical Biochemistry Laboratory (at Hope Hospital) 
were analysed and the correlations between the two 
electrodes and the Clinical Laboratory results were 
studied. The 0.01 >im pore radii upper membrane glu- 
cose electrode yielded results which were in close 
agreement with those of the Biochemistry Laboratory, 
though the results for 0.1 Mm pore radii membranes 
showed a poorer correlation. This has two important 
consequences. The correlations show that this enzyme 
electrode is capable of yielding consistently reliable re- 
sults for the analysis of blood glucose concentrations 
despite repeated exposure to whole blood. Secondly, al- so 
though no permselective membrane has been used, the 
electrode appears to show little sign of electroactive in- 
terferents reaching the working electrode, indicating 
that the upper membrane is uniquely acting as a barrier 
to electroactive interferents. ss 



[0072] A comprehensive series of DLC^oated micro- 
porous polycarbonate membranes have been assessed 
5 in terms of porosity and permeability coefficients calcu- 
lated for glucose and oxygen using the classical diffu- 
sion chamber. 

[0073] Glucose electrodes have been constructed uti- 
lising DLC-coated outer covering membranes, and lin- 
io earity ranges assessed for sensors possessing a series 
of DLC-coated membranes. Comparisons have been 
made between the permeability coefficient of glucose 
and oxygen, and P ratios related to linearity ranges at- 
tained using these membranes. Lower glucose/0 2 ra- 
w tios were found to be associated with extended linearity 
ranges. Linearity ranges in excess of 80 mM glucose 
concentrations were attained using 0.01 >im. 1 minute 
duration DLC-coated, polycarbonate membranes as 
outer covering membranes. The enzyme electrode uti- 
20 used the membrane showing the greatest diff usional re- 
sistance to glucose, suggesting that the glucose/Og P 
ratio and the absolute P value for glucose are both crit- 
ical for linearising a glucose enzyme electrode. The 
same enzyme electrode exhibited a good resistance to 
*s bio-fouling, with losses in response of only 6% following 
repeated exposure to whole blood as well as showing 
close correlation to glucose analysis using conventional 
Clinical Biochemistry techniques, despite the absence 
of an underlying selective membrane 

30 

Claims 



3S 



1 . A sensor device, useful in electrolytic analysis pro- 
cedures, in which a working electrode has at least 
one diffusion-limiting membrane interposed be- 
tween the electrode's active working surface and 
the media under analysis, characterised in that the 
said membrane has a coating comprising a carbon- 

<o aceous material having characteristics comparable 
with that of diamond, commonly known as diamond- 
like carbon. 

2. A sensor device as claimed in Claim 1 character- 
45 ised in that the working electrode is a metal. 

3. A sensor device as claimed in Claim 1 or Claim 2 
characterised in that the membrane is made of a 
permselective material. 



4. A sensor device as claimed in any of Claims 1 to 3 
characterised in that the membrane is a micropo- 
rous membrane with pores which are of the order 
of 0.05 to 0.01 microns in size. 

5. A sensor device as claimed in any of Claims 1 to 4 
characterised in that the coating of diamond-like 
carbon is of a thickness in the range 0.01 to 5 um 
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6. A sensor device as claimed in any of Claims 1 to 5 
characterised in that the coating of diamond-like 
carbon is applied to the outer surface of the mem* 
brane i.e. that surface remote from the active elec- 
trode and nearer to the surrounding media or, if 
more than one membrane is used, the coating of 
diamond-like carbon is on that membrane or mem- 
brane surface which is nearest to the medium being 
studied or analysed. 

7. A sensor device as claimed in any of Claims 1 to 6 
characterised in that the sensor contains an en- 
zyme system, 

8. A sensor device as claimed in Claim 7 character- 
ised in that the enzyme system uses an oxidase and 
the hydrogen peroxide formed as a result of its ac- 
tion is measured electrolytically. 

9. A sensor device as claimed in any of Claims 1 to 8 
characterised in that the enzyme is held in place be- 
tween two membranes. 

10. A method for electrolytic analysis, characterised in 
that it comprises using a sensor device as defined 
in any of Claims 1 to 9. 

11. A method for electrolytic analysis as claimed in 
Claim 10 characterised in that the electrolytic anal- 
ysts uses amperometric detection. 

12. A method for electrolytic analysis as claimed in 
Claim 10 or Claim 11 characterised in that it is ap- 
plied to analysis of biological fluids. 

13. A method for electrolytic analysis as claimed in 
Claim 1 2 characterised in that the biological fluid is 
blood. 

14. A method for electrolytic analysis as claimed in any 
of Claims 10 to 13 characterised in that there is used 
a polarising voltage in the range + 0.4 to 0.8 volts 
against a silver/silver chloride electrode. 

15. A method for electrolytic analysis as claimed in any 
of Claims 10 to 1 4 characterised in that the sensor 
is calibrated at a temperature within approximately 
4 degrees C. of the assay temperature. 



PatentansprOche 

1. Eine MeBfuhlereinrichtung, in elektrolytischen Ana- 
lyseverfahren nutzlich, in denen eine Arbeitselek- 
trode mindestens eine diffusionsbegrenzende 
Membrane hat, die zwischen die aktive Arbeits- 
oberf lache der Elektrode und die zu analysierenden 
Median gelegt ist, dadurch gekennzeichnet, daft die 



genannte Membran eine Beschichtung hat, die ein 
kohlestoffhattiges Material mit charakteristischen, 
mit Diamanten vergleichbaren Merkmalen enthalt 
und allgemein als diamantahnlicher Kohlenstoff be- 
s kannt ist. 

2. Eine MefMuhlereinrichtung nach Anspruch 1, da- 
durch gekennzeichnet, daB die Arbeitselektrode ein 
Metall ist. 

10 

3. Eine MefMuhlereinrichtung nach Anspruch 1 Oder 
Anspruch 2, dadurch gekennzeichnet, daB die 
Membran aus einem permselektiven Material her- 
gestellt ist. 

75 

4. Eine MeBfuhlereinrichtung nach jedem der Ansprti- 
che 1 bis 3, dadurch gekennzeichnet, daft die Mem- 
bran eine mikroporose Membran mit Poren ist, die 
in der GroBenordnung von 0,05 bis 0,01 nm liegen. 

20 

5. Eine MeBfuhlereinrichtung nach jedem der AnsprO- 
che 1 bis 4, dadurch gekennzeichnet, daft die Be- 
schichtung von diamantahnlichem Kohlenstoff eine 
Dicke im Bereich von 0,01 bis 5 urn hat. 

25 

6. Eine MefMuhlereinrichtung nach jedem der Anspru- 
che 1 bis 5, dadurch gekennzeichnet, daB die Be- 
schichtung von diamantahnlichem Kohlenstoff auf 
die auBere Obertlache der Membran aufgetragen 

30 wird, d. h. diejenige Obertlache, die von der aktiven 
Elektrode entfernt und naher zu den umgebenden 
Medien ist, oder wenn mehr als eine Membran ver- 
wendet wird, die Beschichtung des diamantahn li- 
chen Kohlenstoffs auf der Membran oder der Mem- 

35 branoberflache ist, die dem zu untersuchenden 
oder zu analysierenden Medium am nachsten liegt. 

7. Eine MefM uhlereinrichtung nach jedem der Anspru- 
che 1 bis 6, dadurch gekennzeichnet, daB der 

40 MeBfuhler ein Enzymsystem enthalt. 

8. Eine MeBfuhlereinrichtung nach Anspruch 7, da- 
durch gekennzeichnet, daB das Enzymsystem eine 
Oxidase verwendet, und das sich aufgrund ihrer 

45 Wirkung gebildete Peroxid elektrolytisch gemessen 
wird. 

9. Eine MefMuhlereinrichtung gemaB jedem der An- 
spruche 1 bis 8, dadurch gekennzeichnet, daB das 

so Enzym zwischen zwei Membranen an seinem Platz 
festgehalten wird. 

10. Eine Methode fur elektrolytische Analyse, dadurch 
gekennzeichnet, daB sie die verwendung einer 

55 MeBfuhlereinrichtung umfaBt, wie in jedem der An- 
spruche 1 bis 9 definiert. 

11. Eine Methode fur elektrolytische Analyse gemaB 
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Anspruch 10, dadurch gekennzeichnet, daB die 
elektrolytische Analyse amperometrischen Nach- 
weis verwendet. 

12. Eine Methode fur elektrolytische Analyse gemaB 
Anspruch 10 Oder Anspruch 11, dadurch gekenn- 
zeichnet, daB sie auf die Analyse biologischer Flus- 
sigkelten angewandt wird. 

13. Eine Methode fur elektrolytische Analyse gemaB 
Anspruch 1 2, dadurch gekennzeichnet, daB die bio- 
logische Fliissigkeit Blut ist. 
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14. 



15 



Eine Methode fur elektrolytische Analyse gemaB je- 
dem der Anspruche 10 bis 13, dadurch gekenn- 75 a 
zeichnet, daB einepolarisierende Spannung im Be- 
reich von +0,4 bis 0,8 Volt gegen eine Silber/Silber- 
chiorid-Elektrode verwendet wird. 

Eine Methode fur elektrolytische Analyse gemaB je- 20 
dem der Anspruche 10 bis 14, dadurch gekenn- 9. 
zeichnet, daB der MeBfuhler bei einer Temperatur 
geeicht wird, die innerhalb ungefahr 4 Grad C der 
Analysetemperatur liegt. 



25 10. 



Revendications 



1. 



Dispositif detecteur utile pour des precedes d'ana- 
lyse electrolytique, dans lequel une Electrode de 30 n 
travail a au moins une membrane limitant la diffu- 
sion, disposee entre la surface de travail active de 
P6iectrode et le milieu a analyser, caracterise en ce 
que ladrte membrane pr6sente un revStement com- 12. 
prenant un materiau carbone qui a des caracteris- 3S 
tiques comparables a celles du diamant, commu- 
n6ment appele "carbone semblable au diamant" 
(diamond-like carbon). 



vendications 1 a 5, caracterise en ce que le revfite- 
ment de carbone semblable au diamant est appli- 
que sur la face exterieure de la membrane, c'est-a- 
dire la face eioignee de I'eiectrode active et proche 
du milieu qui entoure, ou, lorsqu'on utilise plus 
d'une membrane, le revdtement de carbone sem- 
blable au diamant se trouve sur la membrane ou 
face de membrane qui est la plus proche du milieu 
a analyser ou a examiner. 

Dispositif detecteur selon Tune quelconque des re- 
vendications 1 a 6, caracterise" en ce que le detec- 
teur contient un systeme d'enzyme. 

Dispositif detecteur selon la revendication 7, carac- 
terise en ce que le systeme d'enzyme met en 
oeuvre une oxidase et en ce que le peroxyde d'hy- 
drogene forme" comme resultat de Taction de I'en- 
zyme est mesure par voie electrolytique. 

Dispositif detecteur selon Tune quelconque des re- 
vendications 1 a 8, caracterise en ce que I'enzyme 
est maintenue en place entre deux membranes. 

Proceed d'analyse electrolytique, caracteris6 en ce 
qu'il comprend I'utilisation d'un dispositif detecteur 
comme defini dans Tune quelconque des revendi- 
cations 1 a 9. 

Proc6d6 d'analyse electrolytique selon la revendi- 
cation 10, caracterise en ce que I'analyse eiectro- 
lytique utilise une detection amp6rom6trique. 

Proc6d6 d'analyse electrolytique selon la revend- 
ciation 10 ou la revendication 11, caracterise" en ce 
qu'il est applique a I'analyse de fluides biologiques. 



4. 



Dispositif detecteur selon la revendication 1 , carac- *o 
terise en ce que I'e lectrode de travail est un metal. 

Dispositif detecteur selon la revendication 1 ou la 
revendication 2, caracterise en ce que ia membrane 
est faite en un materiau de permeabilite" selective. *s 

Dispositif detecteur selon I'une quelconque des re- 
vendications 1 a 3, caracterise en ce que la mem- 
brane est une membrane microporeuse avec des 
pores dont la taille est de I'ordre de 0,05 a 0,01 mi- so 
crons. 



5. 



Dispositif detecteur selon I'une quelconque des re- 
vendications 1 a 4, caracterise en ce que le revfite- 
ment de carbone semblable au diamant a une ss 
6paisseur comprise entre 0,01 et 5 pm. 

6. Dispositif detecteur selon I'une quelconque des re- 



13. Precede d'analyse electrolytique selon la revendi- 
cation 12, caracterise en ce que le fluide biologique 
est le sang. 

14. Proc6d6 d'analyse electrolytique selon I'une quel- 
conque des revendications 10 a 13, caracterise en 
ceque I'on y utilise une tension polarisante compri- 
se entre +0,4 et 0,8 volts vis-vis d'une electrode ar- 
gent/chlorure d'argent. 

15. Precede d'analyse electrolytique selon I'une quel- 
conque des revendications 10 a 14, caracterise en 
ce que le detecteur est calibre a une temperature 
ne s'6cartant pas de plus de 4 degr6s C environ de 
la temperature de I'analyse. 
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